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A fast neutron tomography system based on the use of real-time pulse-shape discrimination in 7 organic
liquid scintillation detectors is described. The system has been tested with a californium-252 source of
dose rate 163 μSv/h at 1 m and neutron emission rate of 1.5107 per second into 4π and a maximum
acquisition time of 2 h, to characterize two 100100100 mm3 concrete samples. The ﬁrst of these was
a solid sample and the second has a vertical, cylindrical void. The experimental data, supported by si-
mulations with both Monte Carlo methods and MATLABs, indicate that the presence of the internal
cylindrical void, corners and inhomogeneities in the samples can be discerned. The potential for fast
neutron assay of this type with the capability to probe hydrogenous features in large low-Z samples is
discussed. Neutron tomography of bulk porous samples is achieved that combines effective penetration
not possible with thermal neutrons in the absence of beam hardening.
& 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
The interaction properties of neutrons with matter comple-
ment those of X-rays due to their lack of electrostatic interaction.
Their scattering properties are largely independent of the atomic
number of the elements that constitute the scattering medium
whilst, conversely, they interact signiﬁcantly with light (i.e. low-Z)
isotopes particularly when thermalized. This is especially relevant
for hydrogen (often as a constituent of water) and also for the
other widespread elemental constituents of low-Z porous mate-
rials such as carbon, nitrogen and oxygen. These elements com-
prise a wide range of substances in use for structural applications
and construction where non-destructive evaluation can be desir-
able. The application of neutron radiation is of interest as a com-
plementary tool to X-ray computerized tomography (CT) because
X-rays highlight high-Z features very effectively (such as the iron
and cobalt in reinforcing bars and calcium in the surrounding
cementitious matrix) whilst neutrons are effective for low-mass,
low-density features such as porosity, hydration and ﬁssures that
attract low-mass deposits. Both neutron tomography (NT) and
X-ray CT have a role in the non-destructive evaluation of the in-
ternal state and integrity of a wide variety of materials in use
throughout the world.r B.V. This is an open access article
e).The scientiﬁc prior art associated with NT over the last 30 years
is very extensive. It has been applied to archeological samples
[1,2], fossils and geological materials [3–5], as a probe for hydro-
gen content in turbine blades and metal casings [6,7], as an assay
for nuclear energy applications [8–12], to assess water evolution
and ﬂow in electrolyte fuel cells [13,14], to assess the fouling of
ﬁlter systems [15], the investigation of transport processes in
biological matter [16,17], the reverse engineering of metal com-
ponents [18,19], the imaging of two-phase ﬂow [20], the assess-
ment of components used in fusion energy [21,22] and in security
applications for the detection and characterization of contraband
[23,24].
Neutron tomography systems usually comprise a source of
neutrons, a collimator, a means for obtaining a variety of projec-
tions of a given sample (usually a rotating platform) and a detector
system. Most applications have tended to source neutrons from a
reactor [25–27], a spallation source [28,29], linear accelerator [30]
or portable neutron generator [31–34]. Of particular relevance to
the source used in this research is the use of the isotope cali-
fornium-252 (252Cf) in combination with plastic scintillators for
time-tagged transmission radiography of residues in nuclear plant
[35] and for the characterization and 2D imaging of materials [36].
For detectors most studies have used a scintillation screen (i.e.
6Li-doped zinc sulﬁde or a plastic scintillator) coupled with a light
intensiﬁcation system; activation foils have also been used.
Charge-coupled devices (CCDs) were ﬁrst applied to NT approxi-
mately twenty years ago [37] and have been adopted widely dueunder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
Fig. 1. A CAD representation of the tomography system set-up, showing 9 detectors
(right), turntable and sample (center-left) & collimator (left).
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acquisition systems [38–40]. Recently, the use of plastic scintilla-
tors coupled to silicon photomultipliers with a portable D-D gen-
erator has been reported for NT [41] and a plastic scintillator (EJ-
200) array with PMTs has been reported for induced ﬁssion
radiography of nuclear materials [42].
By contrast, the use of organic scintillation detectors in NT,
affording real-time pulse-shape discrimination (PSD) and thus the
potential for combined acquisition of both neutron and γ-ray
events, has not been explored extensively to date. However, or-
ganic scintillators with PSD (both plastics and liquids) have been
used in neutron scatter cameras for the location and spectroscopy
of isotopic neutron sources [43].
A further important distinction associated with extant methods
of NT is the energy of the neutrons used. For the assessment of
features in macroscopic samples cold or thermal neutrons have
relatively low penetrating power limiting their use to thin sam-
ples. Several reports of the use of fast neutrons for radiography
and tomography have been made [44–47] which afford greater
penetration desirable for bulk samples. However, their use re-
quires different detection modalities with, for example, either or-
ganic scintillators or via prior moderation and then detection of
the thermalized neutrons.
Relatively little research has been reported on the use of NT for
the assessment of construction materials which forms part of the
focus of this work and we are not aware of any reports of the use
of fast neutrons for this purpose. Whilst NT has been used to in-
vestigate ﬂuid transport in porous media [48,49], in the context of
its application to concrete described this paper two studies are
prominent: Masschaele et al. [50] reported the use of thermal
neutrons to study water ingress in small samples of autoclaved
concrete and compared this with X-ray CT; Christe et al. [51] re-
ported on the assessment of reinforced concrete in their compar-
ison of thermal neutron tomography with X-ray CT. Of particular
note is that they reported the limiting effect that scattering of
thermal neutrons due to hydrogen content had on transmission.
This resulted in a darkening and an associated lack of contrast
towards the core of samples which was not observed in samples
with low-water content such as sandstone and limestone. We
reported recently [52] on the use of fast neutrons and a single li-
quid scintillation detector for the purposes of discerning rebar in
concrete samples with a 75 MBq 252Cf source. In this case the
detector was shifted from position to position in turn and a gen-
eral assessment of the relative abundance in terms of atomic
number across the sample was inferred. There are a number of
excellent reviews summarizing both the NT ﬁeld and the
achievements of speciﬁc facilities around the world [53–56].
The ﬁrst objective of the research presented in this paper was
to determine whether non-destructive NT could be achieved with
PSD in organic liquid fast scintillators. We are not aware that this
has been attempted before. Organic liquid scintillation detectors
offer several advantages over existing detection methods for NT.
For example, in comparison with two-stage light-conversion ap-
proaches based on CCDs, the light-to-electrical pulse conversion is
conﬁned within each detector unit obviating the need for down-
stream light-tight housings and mirror arrangements. In compar-
ison with plastic scintillators (with the exception of EJ299) liquid
scintillators exhibit PSD by which separate neutron- and γ-ray
event streams can be derived. Real-time PSD [57] simpliﬁes event
processing across a detector array with both neutron and γ-ray
data available at the point of each step of a scan rather than fol-
lowing extensive post-processing.
The second objective of this work was to explore the use of the
liquid scintillation/PSD technique for the characterization of con-
crete to determine whether deep, macroscopic features such as a
large void, could be discerned. Such features can be difﬁcult toprobe effectively with thermal neutrons. Whilst X-ray CT is re-
cognized as a mature, high-resolution technique for concrete as-
say, the resolution of deep-seated features associated with hy-
dration, porosity, water ingress along ﬁssures etc. requires a
combination of deep penetration and sensitivity to light isotopes
that is not afforded by X-rays.2. System description
The system described in this paper comprises:
 A relatively small isotopic neutron source,
 A collimator,
 A turntable offering vertical, rotational and horizontal
displacement,
 Seven liquid detectors (Scionix, Netherlands) containing the
EJ309 scintillant plus two in reserve (Eljen Technologies, TX),
 Two 4-channel MFAx4.3 analyzers (Hybrid Instruments Ltd.,
UK),
 An electronic counter interface,
 A PC running a dedicated acquisition/control graphical user
interface (GUI) in LabVIEWs (National Instruments, TX).
A CAD schematic of the complete system is shown in Fig. 1.
2.1. Source
For the purposes of this study a bare californium (252Cf) source
was used with a neutron emission rate of 1.5107 per second into
4π, giving an associated neutron dose rate at 1 m of 163 μSv/h and
an estimated γ-ray dose rate 8–10 μSv/h (not accounting for
scatter). 252Cf has two main decay pathways, one by α emission
and one by spontaneous ﬁssion, the latter being the pathway of
interest in this case as this is the principal source of fast neutrons.
The fact that the main process by which neutrons are emitted
from 252Cf is spontaneous ﬁssion is not of signiﬁcance to this re-
search because the coherence of the neutron emission in time has
not been exploited. Rather, reliance has been placed on single-
neutron counting. However, 252Cf is one of the most widely-
available, sealed, isotopic source materials for such measurements.
It also has an energy spectrum sympathetic with this application
(an average of 2.1 MeV and a most-probable energy of 0.7 MeV) in
terms of transmission characteristics of the samples used. Further,
the most likely energy of scattered neutrons in the environment
Fig. 2. (a) MCNP5 [60] simulations of 105 neutron tracks from 252Cf through the
polyethylene collimator structure used in this research, side elevation (left) and
plan view (right). (b) The beam proﬁle in elevation simulated with MCNP5 [60],
1.5 m from the collimator as a function of height depicted on the left (relative to
0 corresponding to the position of the slot) and relative neutron ﬂux as per the
scale on the right.
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off of the scintillant (approximately 0.5 MeV) in the absence of a
higher cut-off setting. Higher-energy sources (such as americium-
beryllium) could be used with either their energy degraded by a
hydrogenous substance or the implementation of a higher cut-off
threshold to reduce the inﬂuence of the scattered component. The
ﬂux necessary for a suitable project to be achieved on a practical
timescale was estimated using the Monte Carlo N particle (MCNP)
code and the JANIS 4.0 display program, prior to design and con-
struction of the system. A rubric was adopted such that the spe-
ciﬁed neutron ﬂux needed to be sufﬁcient to ensure a relative
error of o5% between unchanged projections.
2.2. Collimator
The use of the linear array of detectors adopted in this research
required the use of a fan beam as opposed to a cone that might be
used for example in established approaches with arrays of CCDs.
This can have the disadvantage that more exposures or exposures
of longer duration might be necessary but does have the beneﬁt of
reduced scatter from the surroundings since a fan beam is limited
in how far it can stray above and below the target. This is espe-
cially relevant where the main source of reﬂection is a concrete
ﬂoor or ceiling as is the case in most industrial environments.
The fan beam was formed using a collimator. The effective
collimation of neutrons is not trivial given their tendency to reﬂect
and be slowed down by light elements, and absorbed strongly by a
few, speciﬁc isotopes that are usually low in abundance unless
artiﬁcially enriched. In this research an arrangement was used in
which two thick (relative to the width of the collimating slot)
slices of collimator material were combined into a stack to leave a
thin, parallel aperture between them through which a horizontal
fan of neutrons were able to pass.
The dimension of the collimator was matched to the optimum
sample size under consideration in order to optimize the ratio of
length-to-depth, minimize the object-to-detector distance and
thus ensure a high spatial resolution in the tomographic results
[58,59]. A variety of materials are suitable for use as a neutron
collimator including water, high-density polyethylene, tungsten,
iron and Perspex. MCNP simulations were performed to identify
the best candidate and, whilst all performed satisfactorily, high-
density polyethylene was selected as being relatively cheap & easy
to machine and use. A collimator geometry of 500
300360 mm3 was selected, separated midway by a parallel
aperture throughout of 3 mm. This was created by separating two
180 mm-thick polyethylene slabs with several spacers of equal
thickness. As discussed with reference to the source earlier in this
section, the degradation of the quality of the beam proﬁle by
scattering in a hydrogenous collimator is not expected to be as
signiﬁcant in this research as in other works because of the rapid
fall in detector response of the organic scintillators for neutron
energies o500 keV which renders the detectors blind to the
majority of scattered neutrons below this energy. This also sim-
pliﬁes the design of the collimator and removes the need for exotic
thermal neutron absorber materials, such as gadolinium, bismuth
and cadmium.
The collimator was modeled in MCNP5 [60] with a geometry
corresponding to that speciﬁed in this research (300
360500 mm3) with a 3 mm central, horizontal slot. Neutrons
reaching approximately 100% efﬁciency detector on the front face
of the collimator were tracked to illustrate the geometry. These are
shown in Fig. 2a. The beam proﬁle in elevation, 1.5 m from the
collimator, is shown in Fig. 2b. The source was located at (0,0,0)
and the collimator structure was located in the positive x-axis. The
majority of these neutrons are shown to pass through the void slot
in Fig. 2a with only a few passing through the collimator structure.The proﬁle shown in Fig. 2b indicates the beam is ﬁt for the in-
tended purpose being approximately 1 cmwide at a range of 1.5 m
from the collimator. The scalloping feature apparent in the proﬁle
is believed to be a result of the rectangular geometry of the
polyethylene providing more collimation at the edges than in the
middle.
2.3. Turntable
To rotate a sample in the horizontal plane and translate its
position in the horizontal and vertical planes a turntable was
manufactured. This was designed to minimize interference with
the neutron ﬁeld, and thus the majority of it is manufactured from
aluminum. To be compatible with a variety of irradiation facilities
the turntable was designed to be portable but sufﬁciently robust to
withstand transport between sites, be rigid during operation and
also to ensure the minimum of movement (slip and backlash) at
each position. It was designed to provide a horizontal translation
of 100 mm and a vertical translation of 110 mm to accommodate a
maximum sample size of dimension 100 mm and a full 360°
freedom of rotation.
Horizontal and vertical movements were each provided by lead
screws actuated with a stepper motor (Igus, Germany); minimum
step size of 0.0075 mm in the vertical, 0.02 mm per step in the
horizontal. The rotational movement was provided by a timing
belt and pulley mechanism giving a minimum angle of 0.27° per
step consistent with a tolerance required for a quality image of at
Fig. 3. The system at NPL: polyethylene collimator (background, left), rotary table
and sample (mid-ground, left), detectors (foreground, right). The analyzers are not
in view in this photograph.
Table 1
A summary of the experimental measurements made in terms of the sample type,
duration of increments, number, step and type of increment.
Analysis Duration of increment (s) Number of increments
Rotational Horizontal
Solid sample Fig. 5a 12 16 @ 22.5° 20 @ 3.08 mm
Void sample Fig. 5b 12 12 @ 30.0° 15 @ 4.10 mm
Fig. 6 16 17 @ 21.2° 26 @ 2.30 mm
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2.4. Detectors
Seven identical VS-1105-21 EJ309 scintillation detectors (Scio-
nix, Netherlands) of cell dimension 100 mm100 mm120 mm
were used. Each detector was placed in a vertical arrangement
equidistant from the sample forming an arc as depicted in Fig. 1.
This arrangement preserved the isotropy of the neutron ﬂux ac-
cording to its inverse-square dependence with distance. Thus in
the absence of a sample that would otherwise perturb the ﬂuxFig. 4. Concrete sample with a vertical cylindrical void formed by a steel tueach detector is positioned to return the same response irrespec-
tive of their position on the arc. Each detector has its own pho-
tomultiplier tube (PMT) of type 9821 FLB (ADIT Electron Tubes,
Sweetwater, TX) and the high-voltage and anode signal cables
were routed to the MFAx4.3 analyzers (Hybrid Instruments Ltd.,
UK). A total of nine detectors were placed in position (as shown in
Fig. 1 and subsequently in Fig. 3) to enable swift substitution of up
to two from the seven should any difﬁculties with detector sta-
bilization arise during a scan.
Scattering from one detector to another constitutes a way in
which a single neutron or γ ray can be misconstrued as two; in
tomography this constitutes a potential source of noise on the
image. To minimize this, measurements were made with a 137Cs
source and one detector in isolation and then with a second and a
third at separations of 0–3 cm at 0.5 cm intervals. The inﬂuence of
the additional detector(s) was observed to fall up to a spacing
between them of 1 cm and hence this was the spacing used be-
tween detectors (any greater would undermine the system re-
solution and was also limited by the physical space available
around the sample). The corresponding measurements for neu-
trons were not possible in the absence of an americium-beryllium
source installed in place of the 252Cf. However, it is worthy of note
that the angle θ required for neutrons to scatter from detector to
detector is relatively large, at θ π≥ /2. Given the scattered neutron
energy on hydrogen in laboratory frame varies as
θ′=( + )E E1 cos /2n n inter-detector scattering reduces the energy of
the scattered neutrons signiﬁcantly in an energy region where the
sensitivity of the scintillant also falls rapidly.
2.5. Analyzers
The MFAx4.3 analyzers provide real-time pulse-shape dis-
crimination (PSD) together with high-voltage control and PSD
threshold setting. This enables events from each detector to be
discriminated from γ rays in 333 ns with a jitter of 6 ns and an
event throughput of 3106 per second. Neutrons and γ rays are
discriminated in real time as they are collected and separate sig-
nals corresponding to each are output from the analyzer in the
form of 50 ns transistor-transistor logic (TTL) logic pulses [57]. PSD
exploits the difference in long and short pulse shapes that arise for
neutrons and γ rays, respectively [61] by comparing the heights of
a sample of the pulse peak amplitude with another in the falling
edge of the pulse after the pulses have been processed with a
moving average ﬁlter [62]. For the purposes of this research only
the neutron events were used. These were input directly into the
NT counter system; a separate input was provided for each of thebe insert (left) and the corresponding truncated CAD schematic (right).
Fig. 5. (a) A fast neutron tomograph for the solid concrete cube sample based on an
acquisition over 16 rotations and 20 translations. (b) A tomograph of the concrete
sample with steel pipe through its center based on acquisition over 12 rotations
and 15 translations. Total run time 1 h for each sample and each tomograph is
shown with an overlay of the true dimension of the sample and of the central void.
Intensity key: blue¼high transmission (low density), green-yellow¼ intermediate
transmission, red-black¼ low transmission. (For interpretation of the references to
color in this ﬁgure legend, the reader is referred to the web version of this article.)
Fig. 6. A fast neutron tomograph for the concrete sample with steel pipe through
the center based on acquisition over 17 rotations and 26 translations, total run time
2 h, shown with an overlay of the true dimension of the sample and the void. In-
tensity key is as for Fig. 5.
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2.6. Counter interface, control circuitry and graphical user interface
The control system governing the tomography acquisition
process carries out the following functions:
 To interpret a LabVIEWs [63] command ﬁle governing the start/
end points and the size of the translational/rotational increment
as set by the user, Convert this to a control signal to actuate the turntable to the
required sequence of positions in turn,
 When rested in position, count the neutron events for a speci-
ﬁed period of time,
 At the end of that period stop the count and move to the next
position,
 Finally, format the count data consistent with the requirements
of a separate analysis PC to ensure compatibility with the re-
construction process that is performed after data acquisition.
The counter module of the interface circuitry counts each 50 ns
TTL pulse signal from each neutron produced by the MFAx4.3
analyzers at high frequency (maximum 3 MHz). This has been
designed to afford a capacity of 64 counting channels (32 neutron
and γ-ray signals) to cater for the total number of detectors cur-
rently available at Lancaster for expansion in the future. A 32-bit
counter was designed and constructed to allow for long-duration
assessments and the large numbers of counts that would arise.
An open-loop control mode was selected for the purposes of
simplicity in the ﬁrst instance, with three DC stepper motors se-
lected to drive the pulley system and each of the lead screws.
Commercially-available stepper motor drive circuits (Quasar
Electronics) were used, actuated by a microcontroller (Arduino.cc).
The microcontroller served to interpret the user-conﬁgured set-
tings from the LabVIEWs command ﬁle and hence to provide the
corresponding signal stimulus to the control motor circuits to
carry out the required operations needed to place the sample into
the next required position. Once stationary, a microcontroller in
the counter circuitry records the number of neutron events, stops
the count and transfers the count data to the LabVIEWs interface
ready for reconstruction. It then moves the turntable to the next
position before beginning to count again.
2.7. Image reconstruction
Reconstruction was performed ofﬂine in MATLABs [64]. Pre-
liminary investigations of candidate reconstruction methodologies
showed that a traditional Filtered Back-Projection approach would
Fig. 7. (a) Fast neutron tomographs for the solid concrete cube sample for 16 rotations, 20 translations and (b) for the concrete cube sample with steel pipe through its
center, 17 rotations, 26 translations. MATLABs simulations (left), MCNP simulations (center) and experimental results (right).
Table 2
Estimations of the spatial resolution based on the 10–90% edge response of the
experimental, MCNP and MATLABs analyses for the solid and void concrete sam-
ples. The uncertainty in the resolutions is estimated as 71 mm.
Spatial resolution analysis Experimental MCNP MATLABs
Short Long
Edge response/10–90%
range/mm
Solid
sample
10 – 10 7
Void
sample
10 10 7 5
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tively large sensitive volume of the detectors used and the need
for a ﬁnite degree of spacing between the detectors in order to
reduce the extent of inter-detector scattering discussed earlier.
Due to the large volume of the detectors, the beam window for
each detector penetrated a large proportion of the sample space
resulting in a low spatial resolution of the sample features. The
spaces between the detectors resulted in transient areas where
attenuation data were not present and thus required interpolation.
An alternative imaging approach was thus developed with the
aim of varying the beam coverage of the sample in order to
maximize the spatial resolution of the ﬁnal image. The use of a
sinograph, as in Filtered Back-Projection and methodologies such
as ART, was found to be restrictive in forcing the image to be de-
scribed from one rotational viewpoint. Therefore the new meth-
odology sought to account for arbitrary beam sizes andorientations by applying detector readings from each projection
directly into corresponding image matrix pixels. To use this new
spatial freedom to good effect, the sample was moved in-
crementally across a path perpendicular to the neutron beam at
each rotational stage, scanning the large beam window of the
detectors across the sample and thus providing further attenua-
tion data localized in volumes of the sample newly illuminated by
each incremental movement.
The reconstruction script calculated the beam coverage over
the sample for each projection and mapped this in order to de-
termine the pixels to be adjusted. The coverage data were then
used to determine and account for the amount of readings col-
lected for each pixel. The script was adapted to make use of si-
mulation both through idealized artiﬁcial data and through the
use of MCNPX, thus allowing testing and optimization of the
process.
This approach provided superior results to those achievable
with existing methods and produced images of good spatial re-
solution from the relatively large detectors used in this research.
The process demonstrated reasonable deﬁnition for corners, voids
within samples and volumes with lower neutron attenuation
coefﬁcients but there are some small artefacts thought to be
produced as a result of the transient areas between detectors.
Low-pass ﬁltering was used to reduce the signiﬁcance of these
artefacts but aggressive cut-off ﬁltering was found to reduce spa-
tial resolution.
Fig. 8. MCNP simulation results of neutron spectra arising from a 252Cf Watt
spectrum with 1010 neutrons incident on the polyethylene collimator to illustrate
the effect of beam hardening (a) after the collimator but before the concrete sample
with an average neutron energy 1.79 MeV and (b) after the concrete sample with
an average neutron energy 2.26 MeV.
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Two approaches to modeling the performance of the system
have been adopted in this work: (i) a deterministic approach with
MATLABs and (ii) a stochastic transport simulation using Monte
Carlo methods. The results from these approaches are combined
for comparison with the experimental results in Section 5.
3.1. MATLABs simulations
Performing MCNP simulations for each increment in each of
the degrees of freedom would have been impractical for every
feasible scenario during the development of the system design so
instead an idealized reconstruction was carried out. This used the
established MATLABs script for the reconstruction process to-
gether with an analytical approximation of the attenuation of a
given sample on the response of a detector. This approximation
replaced a stochastic description of the detector response with an
array of pixels in space. This array represents the effect the object
would have on the neutron ﬂux according the Beer-Lambert law of
attenuation.
3.2. Monte Carlo N particle code methods
The geometrical set-up of the system was constructed in
MCNP5 [60] within the dimensional constraints of the environ-
ment in which the experimental measurements were made i.e.
concrete ﬂoor etc. The objective of the MCNP simulations was to
clarify the feasibility of the measurement in terms of specifying
the number of detectors, optimum arrangement and the size of the
collimator aperture. The source was modeled as a point, isotropic252Cf with a Watt ﬁssion spectrum across 99 bins from 0 to 20 MeV
with no energy cut-off. The simulation included features corre-
sponding to the collimator, the sample, the turntable and the de-
tectors running 1 million particles in neutron mode. Nine of the
scintillation detectors were included as aluminum blocks that
matched the approximate dimensions of the 100100100 mm3
EJ-309 scintillators in order to infer how many neutrons would be
incident on the front face of each detector. This approach omitted
the neutron interactions with any of the other surfaces and the
scintillant itself in order to minimise the effects of scatter. Only the
heads of the scintillators were modeled i.e. without the PMTs and
stands. In order to measure the values obtained for the readings
the average surface ﬂux tally was selected. This allowed individual
readings from each of the front faces of the detectors to be taken in
terms of neutron ﬂux. This could then be interpreted in the same
way as the practical measurements and reconstructed to give
corresponding and comparable images.
The MCNP simulations were limited relative to the experi-
mental set-up because the scintillant was not included in the
detector conﬁguration. No account was made of the scattering
between detectors notwithstanding the measures described in
Section 2.4.4. Experimental methods
The experiments described in this paper were performed at the
National Physical Laboratory (NPL), Teddington, UK. The source
used was a bare i.e. unmoderated 252Cf as described earlier in
Section 2. The tomography system was set up as described above
and as shown in-situ at NPL in Fig. 3. Singles neutron events were
fed to the analysis instrumentation, synchronized automatically
with the capture of data at each position of the sample under
study to constitute a given projection.
The sample under test was mounted on the rotary table to
move it throughout 360° in the plane parallel with the ﬂoor and,
simultaneously, over a user-speciﬁed number of positions in the
horizontal plane. The number of increments and the duration at
each increment was conﬁgured on a case-by-case basis where
necessary to optimize the quality of the recovered tomograph as
summarized above in Table 1. The vertical translation was not
explored in these experiments.
Two samples were prepared for focus of this study, both of
concrete. The ﬁrst was a solid, square cube and the second is a
cube with a steel, hollow pipe through the center located with the
pipe in the vertical plane. The pipe-based sample is shown in
Fig. 4, along with its CAD representation. Both samples were
mixed with a vibrator to ensure uniform composition and formed
with a mold in each case. The proportions used were identical in
each case corresponding to 3 parts aggregate, 2 parts sand and
1 part cement. The curing of the samples was prolonged by cov-
ering each sample with a polythene sheet to encourage uniform
porosity and to prevent crackling and crumbling at the edges. The
dimension of the samples was 100100100 mm3 and the pipe
insert was 100 mm in length with a diameter of 50 mm. The
choice of samples was made to determine whether the dis-
continuities associated with the corners of a cuboid sample could
be discerned from a form with cylindrical symmetry, and whether
the system was able to differentiate between a solid sample and
one with a hollow, steel-lined cylindrical void as discussed in
Section 1. For the purpose of comparison the composition of the
samples used in the MCNP simulations was selected as Hanford
dry concrete [65] with a density of 2.18 g cm3 and an atomic
density of 0.0664 atoms b1 cm1.
In order to ensure the high-voltage settings are uniform across
the detector array, a radioactive caesium source (137Cs) was used
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β emission to the metastable isomer 137mBa; which decays sub-
sequently with the emission of a single 662 keV γ ray. This
monoenergetic line enables the response of each detector to be
standardized against one another in terms of the position of the
corresponding Compton edge in each pulse-height spectrum. This
was achieved by adjusting the high-voltage supply level to each
PMT until the positions are the same across the array. Then the
low-energy thresholds for each detector were adjusted to be
consistent with one another and the PSD threshold for each de-
tector was ﬁxed in correspondence with the neutron-γ-ray event
data [57]. Once this was completed each sample could be tested in
turn for a variety of translational and rotational steps as indicated
in the following results. A summary of the duration, type and
extent of the increments used in the measurements is given in
Table 1.5. Results
In Fig. 5a the fast neutron tomograph obtained for the solid
concrete sample is shown for measurements performed over an
hour's duration comprising 16 rotational increments and 20 hor-
izontal translations. In Fig. 5b the corresponding tomograph is
given for the sample with the central void formed by the steel pipe
insert, based on 12 rotations and 15 translations.
In Fig. 6, the same voided sample has been scanned for 2 h
comprising 17 rotations and 26 translations. Figs. 5a, b and 6 also
include overlays to illustrate the actual dimension of the sample in
each case. In Fig. 7a and b the results arising from simulations with
MATLABs and MCNP are provided for comparison with the to-
mographs from Fig. 5a and b, reproduced in monochrome and on
the same scales.6. Discussion
The conﬁrmation that image quality increases with the number
of translations (evidenced by the qualitative comparison of Fig. 5b
with Fig. 6) is a potential advantage for applications of the tech-
nique. Alternative approaches to increase tomographic resolution
include either increasing the neutron ﬂux or increasing the num-
ber of detectors. However, assuming the ﬂux cannot be increased
by further optimization of the geometry a source of greater activity
might be inconvenient in terms of regulatory control whereas
increasing number of detectors might render the system less
portable and more expensive.
A quantitative assessment of the spatial resolution has been
made on the basis of the 10–90% edge transition distance and this
is given in Table 2 for the solid/void samples and for the short/long
duration experimental measurements and the MCNP and MA-
TLABs simulations. It is evident that whilst the void sample to-
mograph is clearer to the eye this is not reﬂected in the spatial
resolution analysis within the uncertainty of 71 mm.
There are some distinctions between the simulation results and
the experimental data which could be due to a number of incon-
sistencies between the input data to the simulations & the real
system and its operation. These might include, for example: ar-
tefacts arising from the reconstruction process; beam hardening
[66] (an upwards shift in the average energy of the neutron ﬂux as
its lower-energy component is reduced due to being scattered out
of the sample or absorbed within it); variance in the geometry of
the sample position and subsequent scaling of transformations or
changes in the system set-up (particularly drifts in the high-vol-
tage supplies to the PMTs). In particular, the differences in the
alignment and positioning that are evident from a comparison ofFigs. 5b and 6 are consistent with limitations in the accuracy of the
positioning control systemwhilst stabilized digital HV supplies are
used and thus signiﬁcant drift in the PMTs is not considered likely.
With regards to the potential for beam hardening two neutron
spectra produced with MCNP are shown in Figs. 8a and b, before
and after the concrete sample, respectively. The average neutron
energy calculated with these data before the sample is 1.79 MeV
and afterwards 2.26 MeV illustrating that beam hardening by the
sample does occur. For concrete the corresponding reduction in
total macroscopic cross-section is approximately 25% with the
most signiﬁcant contributions to this being from the hydrogen,
oxygen and aluminum in the sample.
In the future it would be interesting to compare the response
with an americium-beryllium source in place of californium-252
to investigate the effect of the higher-energy spectrum of the
former on the quality of the images. Also, the system could be
optimized beyond the arrangement described in this work via, for
example, increasing the number of detectors (thus raising the
overall detection efﬁciency), reducing the volume of the detectors
to increase the image resolution which would also enable nar-
rower gaps between the detectors combined with hydrogenous
shielding to reduce the effect of scatter between detectors. Further
increases in resolution might be achieved by integrating a more
sophisticated method of closed-loop control, as opposed to the
open-loop control approach used in this research, with which to
increase the accuracy of the position setting. A more detailed
study of the uncertainties in the response of the system in corre-
spondence with the simulations would enable these to be dis-
cerned more effectively from the competing inﬂuence of proper-
ties of the samples; the latter might include localized variations in
density, water of crystallization, hydration and beam hardening.
This would enhance our understanding of sensitivity of the system
to revealing these physical characteristics.7. Conclusions
The conclusions from this research are as follows:
 The experimental data presented in this paper demonstrate that
fast neutron tomography with real-time PSD and a relatively
small number of organic scintillation detectors is feasible [67].
 Useful tomographic data are obtained in less than two hours
that enable solid and voided concrete samples to be discerned
from one another.
 The physical size of the samples and their features (corners, the
cylindrical void etc.) are observed to correlate consistently with
the true dimensions of these features.
 Where the number of translations has been increased image
quality is improved evident as a result of the reﬁnement of the
pitch of the translational increments of the measurements with
relatively little increase in acquisition time.
 Both qualitative and quantitative agreement is observed be-
tween the results of the MATLABs simulations, those arising
from MCNP calculations and the experimental data with an
experimental spatial resolution based on the 10–90% edge re-
solution of (1071) mm.
 The technique demonstrates that penetration is effective in re-
solving the void whilst simultaneously depicting those areas of
high absorption/scattering adjacent to it. This is in contrast with
earlier reports [51] on the use of thermal neutrons on concrete
where penetration was too limited to reveal detail beyond the
outer surface of concrete samples.
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